The origin of the red algae has remained an enigma. Historically the Rhodophyta were classified first as plants and later as the most ancient eukaryotic organisms. Recent molecular studies have indicated similarities between red and green plastids, which suggest that there was a single endosymbiotic origin for these organelles in a common ancestor of the rhodophytes and green plants. Previous efforts to confirm or reject this effort by analyses of nuclear DNA have been inconclusive; thus, additional molecular markers are needed to establish the relationship between the host cell lineages, independent of the evolutionary history of their plastids. To furnish such a data set we have sequenced the largest subunit of RNA polymerase II from two red algae, a green alga and a relatively derived amoeboid protist. Phylogenetic analyses provide strong statistical support for an early evolutionary emergence of the Rhodophyta that preceded the origin of the line that led to plants, animals, and fungi. These data, which are congruent with results from extensive analyses of nuclear rDNA, argue for a reexamination of current models of plastid evolution.
The origin of plastids as endosymbiotic cyanobacteria is well documented (1) (2) (3) (4) . Although some eukaryotic lineages (e.g., Chromophyta) apparently became photosynthetic secondarily by engulfing an already established eukaryotic alga, plastids of green plants, red algae, and cyanelles of glaucocystophytes are considered primary plastids, descended directly from freeliving cyanobacteria (3) . Despite their variation in pigment content and thylakoid membrane structure, molecular evidence suggests that all plastids evolved from a single cyanobacterial ancestor.
Most phylogenetic analyses of plastid-localized or plastidderived genes (2, 3, 5, 6) and comparisons of genome organization (4, 7) have supported a monophyletic association of primary plastids with respect to extant cyanobacteria. These compelling but limited data have led to the contention that the endosymbiotic relationship was established in a single, common ancestor of red algae, green plants, and glaucocystophytes (3, 8, 9) . The issue of how these organisms are related, as distinct from plastid interrelationships, must be established independently with characters indigenous to the host cells if the scenario suggested by plastid DNA evidence is to be confirmed.
Phylogenetic analyses of nuclear gene sequences, most often those encoding small-subunit ribosomal RNA (SSU rDNA), have helped to elucidate the early branches of eukaryotic evolution (10) (11) (12) . The relationship between green plants and red algae, however, has not been fully delineated by rDNA evidence. Although SSU rDNA trees consistently show the Rhodophyta to have emerged before the common ancestor of plants, animals, and fungi (8, 13, 14) , intervening branches are poorly supported statistically and are considered unreliable (3, 8) . Other nuclear genes examined thus far also fail to provide robust support either for or against a monophyletic relationship of plants with red algae (6, 8, (15) (16) (17) (18) . Additional nuclear markers clearly are needed to resolve the relationship between the host components of these symbiotic associations.
The largest subunits of DNA-dependent RNA polymerases have eight conserved core regions of amino acid similarity, designated A through H, that can be aligned among all eubacterial, archaebacterial, and eukaryotic genes (19) . Several of these regions contain highly conserved sequence motifs on which to base PCR primers that can be used to recover sequences of the gene encoding the largest subunit of RNA polymerase II (RPB1) from widely divergent eukaryotic taxa (ref. 20 and Materials and Methods). RPB1 has shown promise for examining distant eukaryotic relationships because of its large size, a relatively constant G ϩ C content, and the lack of paralogous copies (20, 21) . To provide a large set of data from homologous genes, we have recovered and sequenced RPB1 from two red algae, a green alga, and the protist Acanthamoeba castellanii (see Table 1 ). Our phylogenetic analyses based on RPB1 sequences to our knowledge provide the first strong statistical support for an emergence of the Rhodophyta before the common ancestor of animals, fungi, and green plants.
MATERIALS AND METHODS
DNA Extraction, PCR Amplification, Cloning, and Sequencing. Total cellular DNA was extracted as described previously (22) from an axenic conchocelis culture of Porphyra yezoensis (Rhodophyta), Bonnemaisonia hamifera (Rhodophyta), and an undetermined species of the green alga Spirogyra. Genomic DNA of Acanthamoeba castellanii was provided by Erik Bateman (Univ. of Vermont, Burlington). Plant, animal, and fungal RPB1 sequences available from GenBank were aligned and degenerate oligonucleotide primers designed based on strongly conserved gene domains (Fig. 1) . RPB1 sequences were PCR-amplified from total DNA using primers from conserved regions D and F (Fig. 1) ; products were cloned into the pCR2.1 plasmid vector (Invitrogen) and sequenced in complementary directions. All clones large enough to contain a viable region D-F from RPB1 were sequenced, but only the dominant PCR product from each of the four taxa showed any homology to RPB1. Based on these sequences, taxon-specific primers were constructed and used in opposition to degenerate primers from regions A and G. The resulting PCR products were also cloned and sequenced.
Phylogenetic Analysis. The inferred amino acid sequences were aligned (available upon request) with published eukaryotic RPB1 sequences (Table 1) using Clustal V (23) and adjusted by eye. An initial alignment using RPB1 from plants, animals, fungi, and red algae resulted in 1,147 contiguous amino acid positions encompassing sequences from the region A primer through the region G primer (Fig. 1) . As additional sequences were added to the alignment, gaps that could not be anchored reliably with conserved sequences on both ends were removed leaving a total of 941 aligned positions for phylogenetic analysis. Phylogenetic analyses were performed using parsimony (PAUP; ref. 24) , neighbor-joining (PHYLIP; ref. 25) , and maximum likelihood (ML) algorithms (PAML and MOLPHY; refs. 26 and 27) . To determine the strength of phylogenetic conclusions, 1,000 parsimony, 100 neighbor-joining, and 100 ML bootstrap replicates (28) and parsimony decay analysis (29) were performed. Paired-sites analyses (30, 31) were used to test both the most parsimonious and maximum-likelihood trees against alternative tree topologies.
RESULTS
Isolation of RBP1 Sequences. The degenerate primers proved successful in amplifying regions D through F from all four taxa examined. In most other eukaryotes examined, RPB1 has been shown to occur as a single-copy gene (20, 21) . The only exceptions are Trypanosoma brucei, in which two nearly identical copies of RPB1 are encoded at separate loci (32, 33) , and soybean (Glycine max), which has multiple copies, presumably due to its polyploid ancestry (34) . In both cases the additional copies are the result of recent, lineage-specific gene duplications. Thus, RPB1 does not appear to have been carried at paralogous loci over long periods of eukaryotic evolution. Sequencing of multiple-cloned PCR products gave no indication that more than one copy of RPB1 was present in any of the four taxa that we examined.
When used in opposition to sequence-specific primers, degenerate primers from regions A and G (Fig. 1) produced strong, single products in most cases. The sole exception was the A region primer, which, when used with the Spirogyra template, produced no products with sequence similarity to RPB1. As a result, only regions D through G were obtained from that isolate. A total of 3,051, 3,006, 3,773, and 2,412 contiguous base pairs were sequenced from Porphyra, Bonnemaisonia, Acanthamoeba, and Spirogyra, respectively.
No introns were found in either red algal sequence; however, a single intron has been reported near the 5Ј end of the coding region for several other rhodophyte nuclear genes (15, 16) . In each of our sequences, a small portion of the 5Ј end is missing. Three introns are present between regions D and F in Spirogyra RPB1 in positions that correspond precisely to those in Arabidopsis (35) . Nine introns occur between regions A and G in the sequence from Acanthamoeba. Only one, which matched an intron position reported in Schizosaccharomyces pombe (36) , was coincident with any intron location from animal, plant, or fungal RPB1 genes (35, 36) . The nearly complete absence of conserved intron locations in RPB1 from representatives of these different lineages (35) suggests that most introns were inserted subsequent to the divergence of the protist ancestors of those taxa. Consequently, the number and position of introns within RPB1 genes are not useful for determining relationships among major eukaryotic groups.
Phylogenetic Analyses. Trees produced from RPB1-encoded amino acid sequences using parsimony, neighbor-joining, and maximum likelihood algorithms ( Fig. 2 ) all exclude a sister relationship between plants and red algae. In agreement with SSU rDNA studies (13, 37) , these RPB1-based trees support a monophyletic association of plants, animals, fungi, and certain protists as a late-evolving group of so-called ''crown'' taxa (38) , but indicate that red algae originated before the common ancestor of these lineages. Robust bootstrap support from parsimony (92%), distance (93%), and ML (88%) analyses exclude red algae from this crown group (Fig. 2 ). More significantly, the red algal and plant sequences form a clade only 3 times in 1,000 and 100 bootstrapped parsimony and ML replicates, respectively, and not once in 100 neighbor-joining replicates. Parsimony decay analysis indicates that the red algae are excluded from the crown clade in all trees up to 11 steps longer than the most parsimonious. With the exception of the unambiguously monophyletic clades of the animal, plant, fungal, and rhodophyte sequences themselves, this is the best supported of all nodes on the tree. The tree produced by ML analysis using PAML, which considered rate variations among sites, also excludes red algae from the crown taxa (Fig.  2) .
The significance of this early divergence of the rhodophyte sequences was tested further by statistical comparison of the most parsimonious and maximum-likelihood trees with tree topologies in which the red algal and green plant sequences were constrained to form a monophyletic group. Using both methods, removing plants from the crown or placing red algae within the crown was rejected at P ϭ 0.06 or better (Table 2 ).
DISCUSSION
Results from RPB1 analyses (Fig. 2 ) generally are consistent with views of eukaryotic evolution developed in earlier studies of nuclear genes (10-13). The amitochondrial flagellates Giardia and Trichomonas, and the kinetoplastid Trypanosoma, represent the most basal lineages; Plasmodium branches off next, followed by the red algae and, finally, by the crown taxa, which group together with strong support. The position of Plasmodium and other apicomplexans is somewhat problematic in rDNA trees. In a number of studies that include sequences of basal eukaryotes (13, 14, 39, 40) , apicomplexans emerge before the Rhodophyta in agreement with our results. Depending on the sequences examined and methods employed, however, apicomplexans often nest well within the crown taxa (3, 41) . The RPB1 gene of P. falciparum contains several long insertions (42) that make alignment with eukaryotic homologues uncertain in these regions and may affect the rate of evolution in other parts of the gene. Although it is (1997) possible that the position of Plasmodium in our analyses is artifactual, removal of the sequence from phylogenetic analyses does not otherwise change tree topologies or affect bootstrap values significantly. Analyses based on rDNA indicate that Trichomonas branches before the kinetoplastids, whereas RPB1 phylogenies place Trypanosoma in the more basal position. Statistical tests of the relative branching order among ancient protist groups have suggested that rDNA data may not be adequate to resolve the pattern of early eukaryotic evolution (13) , and there is growing evidence that Trichomonas is derived from an ancestor that contained mitochondria (43) . Additional RPB1 sequences from putatively basal protists are needed to determine whether RPB1 and rDNA consistently support different evolutionary histories among early eukaryotes.
As shown previously (21) , parsimony analysis of RPB1 weakly supports a plant͞fungi relationship. Maximum likelihood, however, which is less sensitive to extreme rate variations in sequence divergence (44) , groups animals and fungi together in agreement with rDNA trees (13, 37) and the majority of protein sequences examined (12, 45) .
Although the preponderance of molecular evidence supports a sister relationship between animals and fungi, a sizable number of genes have supported alternative arrangements that group either animals or fungi together with plants (45) . It has been argued that these contradictory tree topologies based on different molecular characters reflect very close divergence times among the ancestral protists that gave rise to the plant, animal, and fungal lineages (45) . Consistent with this argument, the poor bootstrap support of branches within the crown and the different branching orders among crown taxa deduced from likelihood as compared with parsimony and distance algorithms suggest that relatively little phylogenetic signal is present in RPB1 sequences for these nodes of the tree. It is all the more significant, therefore, that the red algae are strongly excluded from the crown group when each of the tree-building methods is used. This suggests that the rhodophyte branch diverged appreciably earlier than the nearly simultaneous radiation that apparently produced the rest of the crown taxa.
When Did the Red Algae Originate? The origin of red algae and their relationship to other eukaryotic organisms, chlorophytic algae and plants in particular, have been disputed for over a century. Although the Rhodophyta were classified originally as plants in the Linnaean system, as early as the mid-19th century it was argued that this arrangement was unnatural (see ref. 8 for review). Because they lack flagella and basal bodies and their plastids resemble cyanobacteria in structure and pigment content, red algae were thought to represent the earliest diverging eukaryotes. Subsequent phylogenetic analysis using cytological characters placed the red algae in the position of ancestor to all eukaryotic organisms (46) . Comparative sequence data from a growing number of nuclear genes suggest that the red algae are not the most primitive eukaryotic lineage, but rather that they diverged just to the estimated number of substitutions leading to the subsequent node. Six categories were used to estimate the ␥ distribution for rate variation, and likelihood estimates made with ␣ ϭ 1 and ␣ ϭ 0.5 produced the same tree topology. Because PAML disregards any position in an alignment in which a gap occurs in any one of the aligned sequences, truncated sequences (Giardia, RPC1, Spirogyra) were deleted from the analysis to prevent loss of large portions of the data set. ((A,F) ,(Ac,(P,R)))) 25 13.5 0.06 Likelihood (Pl,(R,((Ac,P),(F,A)))) Best (Pl,(((R,P),Ac),(F,A))) Ϫ37.4 17.3 0.03 (Pl,((R,(P,Ac)),(F,A))) Ϫ32.0 11.8 0.006
Tests were performed by supplying user trees in parsimony (PROT-PARS-PHYLIP) and likelihood; (PROTML-MOLPHY) analyses. All taxa were included in the analyses, but for clarity, deeper branching sequences are not shown in the hypothetical trees shown. ln L, natural log likelihood. A, animals; Ac, Acanthamoeba, F, fungi; P, plants; Pl, Plasmodium; R, Rhodophytes. The P value given is the confidence limit for rejection of the alternative tree topology.
before the common ancestor of plants, animals, and fungi (13, 17, 18, 47) . Still another position for red algae in the eukaryotic hierarchy has been suggested because of similarities between rhodophyte chloroplast and mitochondrial genomes and those of green plants.
Are Red Algae Plants? The similarities in gene content and DNA sequences between their plastids (see Introduction) have led to the suggestion that rhodophytes and chlorophytes are sister taxa that emanated from a common photosynthetic ancestor (4, 8) . A close relationship between red algae and plants also has been argued on the basis of mitochondrial gene content (48) . The mitochondrial genome of Chondrus crispus (Rhodophyta) shares with plant mitochondria several open reading frames that are absent in animals and fungi. If these genes were present in the mitochondria of the common ancestor of all four lineages, however, their current distribution suggests a shared loss in animals and fungi, rather than a link between red algae and plants. Moreover, two succinate dehydrogenase genes (SDHB and SDHC) that are still present in the Chondrus mitochondrial genome (48) have been transferred to the nucleus in animals, plants, and fungi, suggesting a common ancestor for the latter three groups. As has been noted previously, because of extreme variation in composition and evolutionary rates among mitochondrial genomes, caution must be exercised when interpreting similarities in gene content or arrangement as shared ancestral or derived characters (49) .
Combined phylogenetic analyses of multiple mitochondrial genes have strongly supported a common origin for red algae and plants (50) , but outgroup rooting has been problematic. Inclusion of a number of additional protist lineages in the analyses disrupts this monophyletic relationship (50) . As more protists are examined it will help to clarify whether molecular phylogenies of mitochondrial genes consistently link red algae with plants. As pointed out in a recent review (51) , however, some mitochondria may have been transferred secondarily between eukaryotic hosts, a possibility that has been largely ignored in most analyses of mitochondrial evolution. The abundant evidence for numerous cases of secondary plastid endosymbiosis (3) suggests that an analogous secondary transfer of mitochondria should be taken seriously when mitochondrial-and nuclear-based evolutionary histories are in clear conflict.
Evidence from Nuclear Genes. Despite similarities in their organellar genomes, a relationship between red algae and green plants is strongly rejected in all of our phylogenetic analyses of RPB1 sequences ( Fig. 2; Table 2 ). Phylogenetic studies of other nuclear genes are generally in agreement with this result but have failed to provide adequate statistical support. For example, SSU rDNA phylogenetic treatments, including those accounting for rate variation among sites and different G ϩ C content among taxa, consistently exclude the Rhodophyta from the plant͞animal͞fungi clade (8, 13, 14) .
Phylogenetic studies based on large-subunit rDNA (18) and ␤-tubulin sequences (16) do not support a close relationship between plants and red algae. Analyses of actin genes from two different rhodophytes (17, 47) place the red algae as the immediate outgroup to the plant͞animal͞fungal clade, in agreement with our results. Only trees based on genes encoding cytosolic glyceraldehyde-3-phosphate dehydrogenase (GapC) (6, 15) have suggested a relationship between the red algal and plant sequences; however, statistical support is lacking for this relationship (an equally parsimonious tree does not include the rhodophyte-plant clade) (6) . Moreover, anomalous branching patterns due to suspected paralogous gene copies (6) complicate GapC analyses.
Taken as a whole, most of the evidence from nuclear genes supports an emergence of the Rhodophyta before the common ancestor of plants, animals, and fungi. Phylogenetic analyses of RPB1 sequences provide the first statistically robust rejection of a sister relationship between the red and green host cell lineages. These data from nuclear genes indicate that a shared presence of primary plastids, by itself, does not establish that red algae and plants are closely related.
Other Protists Contain Primary Plastids. Red algae and plants are not the only photosynthetic eukaryotes containing plastids that are regarded as primary in origin. Although the cyanelles of the Glaucocystophyta appear to be monophyletic with red and green plastids based on gene sequences (52) , analysis of nuclear SSU rDNA (53) significantly rejects a close relationship between their host cells and those of either plants or red algae. The rhizopod amoeba Paulinella chromatophora contains a cyanelle similar in appearance to the glaucocystophytes but, based on all available evidence, the host cell is derived from a nonphotosynthetic protist line that is unrelated to any other group containing primary plastids (54) . An analogous situation appears to be true for species of the dinoflagellate genus Dinophysis (55) . † Although molecular analyses have suggested a single, primary origin for plastids (refs. 4 and 9; but see ref. 56 for an opposing view), the vast majority of evidence from nuclear genes suggests that the host cell lines are not related. How can the apparent monophyletic relationship of plastids that are now classified as primary (i.e., those thought to be descended directly from an endosymbiotic cyanobacterium) be reconciled with the polyphyletic relationships of their host cells?
Are Primary Plastids Monophyletic? Although most molecular studies of plastid genes indicate a common ancestor for all plastids, a polyphyletic origin of rhodoplasts and chloroplasts has been argued based primarily on differences in gene content (56) and sequence analysis of the large subunit of ribulose-1,5-bisphospate carboxylase (rbcL) (57) . It is possible to reconcile these incongruities if widely divergent host taxa independently engulfed different, but genetically related, Cyanobacteria leading to the appearance of monophyletic plastids (2) . The different evolutionary histories indicated by nuclear and plastid genes of rhodophytes, chlorophytes, and glaucocystophytes suggest that this is more than a formal possibility; a close examination of plastid phylogenies and of the development of more recent endosymbiotic relationships make it a very likely one.
Phylogenetic analysis of a broad range of Cyanobacteria (5) suggests that plastids may appear to be monophyletic because most extant Cyanobacteria arose after the divergence of the line that led to plastids. If most of the cyanobacterial taxa now available for phylogenetic sampling evolved after plastid-host cell relationships were established, they must by definition be monophyletic, with plastids excluded from that clade.
Moreover, the ancestors of primary plastids may not have been adopted as endosymbionts in a random manner. Numerous examples of modern symbiotic relationships (58-61) provide evidence that certain lineages are adopted preferentially as endosymbionts by widely divergent hosts. For example, members of the green algal genus Trebouxia, the most common algal phycobiont in lichens, have been acquired independently by a wide variety of both ascomycete and basidiomycete fungal taxa (58) . In these cases, phylogenetic analysis of the symbiotic Trebouxia clearly would result in an incorrect assessment of the relationships among their fungal hosts. The strong support for independent origins of the rhodophyte and chlorophyte nuclear genomes suggests that plastid DNA evidence may have been misinterpreted in just this way. If plastids descended from an ancient cyanobacterial lineage that was adept at endosymbiotic associations, one that became rare or extinct during the subsequent radiation of other cyanobacterial groups, then the † To our knowledge, the endosymbionts of Paulinella and Dinophysis have not been characterized at the molecular level and they may turn out to be descended from cyanobacterial ancestors that are clearly distinct from rhodoplasts, chloroplasts, and cyanelles. monophyletic relationship of plastids and the polyphyletic origins of host cells need not be mutually inconsistent.
Loss of Plastids? Because of the complexity of plastid-host cell interactions, in particular the mechanisms for transport of proteins encoded by nuclear genes into the plastid, it has been argued that primary plastids originated only once, relatively early in eukaryotic evolution, but were subsequently lost from many extant lineages (62) . There is only fragmentary molecular evidence for this scenario. One possible example, a heme oxygenase in birds and mammals, shares approximately 35% amino acid sequence identity with a plastid heme oxygenase from red algae (5) . A homologous protein, however, has not been reported in invertebrate animals, fungi, or protists. It is therefore unclear whether this protein is derived from the plastid of a photosynthetic ancestor or has been acquired more recently, only by vertebrate animals (5). Perhaps additional evidence will be found as the genomes of crown eukaryotes are examined further. Given the paucity of current evidence and its largely anecdotal character, wholesale loss of plastids by so many different lineages is not well supported at this time.
Are Primary Plastids Really Primary? As discussed above, the establishment of a complex protein transport system that allowed the transformation of an endosymbiotic cyanobacterium into a full-fledged plastid may have been a rare or even unique event (62) . Once this protein import mechanism was in place, however, its transfer to a secondary host was less difficult as evidenced by the number of eukaryotic algae that have been adopted as endosymbionts (3) . Primary plastids are defined by the presence of two outer membranes; the inner is thought to be derived from the original cyanobacterial cell membrane and the outer remains from the phagocytotic vacuole of the host cell. The additional membranes present in secondary plastids are explained as vestiges of a later endosymbiotic engulfment involving a eukaryotic alga, rather than a cyanobacterium (63, 64) .
Although this model is consistent with the number of membranes surrounding the plastids of certain algal groups, there is a great deal of variation in the ensemble of interactions between the secondary host and its eukaryotic algal endosymbiont, particularly in the extent of reduction of the primary host cell. In some secondary relationships the primary host cell nucleus has been retained in a reduced form, which is called the nucleomorph. In the case of the Cryptophyta, analysis of nucleomorph SSU rDNA has established that the eukaryotic endosymbiont was a red alga (39) . In chromophytes, all of the genes needed for the development and functioning of plastids were transferred from the primary to the secondary host cell nucleus, and the primary cell nucleus and cytoplasm were lost completely (see Fig. 3 ).
Euglenoids and many dinoflagellates also have lost the primary host nucleus but possess only three membranes rather than the four predicted for a secondary endosymbiotic relationship. If the eukaryotic endosymbiont could be reduced to this great an extent, one can readily imagine that the other additional membrane was lost in some secondarily photosynthetic lineages. Viewed in this way, a continuum may exist in secondary plastids (Fig. 3) , wherein the most reduced forms are indistinguishable from primary plastids.
Secondary plastids that have masqueraded as primary would explain the different evolutionary histories implied by nucleusand plastid-based characters. If a single cyanobacterium was the endosymbiotic ancestor of all plastids, perhaps in a glaucocystophyte-like protist, then it is possible that in all other photosynthetic eukaryotes plastids were acquired secondarily. Perhaps the observed similarity in mitochondrial genomes of red algae and plants, and the GapC data that are discordant with analyses of other nuclear genes, are evidence for reduced secondary plastid endosymbiosis in one or both groups. If this proposal is true, additional evidence of a lost primary endosymbiont should exist in the nuclei of the putative secondary host(s). As more is known about the nuclear genomes of glaucocystophytes and red algae, a clearer picture of the evolutionary history of plastids should emerge.
Conclusion. Our analysis of RPB1 sequences, combined with most evidence from other nonplastid characters, indicates that red algae and plants do not share a common host cell ancestor. It remains unclear whether primary plastids were established independently in several different host cells, whether they originated once and were subsequently lost from many lineages, or whether plastid membrane evolution has been misinterpreted in some groups. What is clear is that the plastid and nuclear symbiotic components, now present in the cells of photosynthetic eukaryotes, need not have followed congruent evolutionary pathways. Molecular evidence from each of the symbiotic components must be viewed in a common framework to gain a complete understanding of the evolutionary histories of the diverse and complex interrelationships that make up photosynthetic eukaryotic cells.
